We report numerical protocols for describing the water uptake process into microporous materials, with special emphasis on zeolite crystals. A better understanding and more predictive tools of the latter process are critical for a number of modern engineering applications ranging from the optimization of loss free and compact thermal storage plants up to more efficient separation processes.
which in turn modify the liquid transport properties due to nanoconfinement effects [12, 13] . Generally speaking, such effects are of interest in modern engineering as they can be exploited for finely tailoring mass and energy transport properties in next-generation devices [14, 15, 16] .
In particular, zeolite crystals present both large heat of adsorption and the capability to accommodate a significant amount of water without noticeable structure degradation, thus allowing durable heat release/accumulation cycles, respectively [17, 18] . Zeolite sorbents are typically non-toxic and present low mass density [19] in addition to a relatively low desorption temperature: all these features make them materials of great interest in thermal science for both heating [20, 21] and cooling purposes [22, 23, 24] .
However, while the nanometer size of zeolite pores allows the sorption process to take place with large surface to volume ratios (as a rule of thumb, a teaspoon of zeolite or MOF materials have a inner pore surface equal to the area of a football field [25] ) thus with high energy densities, it also involves nontrivial nanoscale effects on the mass transport of water inside the nanopores, such as surface barriers, single-file diffusion and nanoconfinement [26, 27, 28, 29, 30] . Therefore, modeling of the above phenomena is a non trivial task and it can often be accurately accomplished only by resorting to detailed atomistic tools, namely Monte Carlo (MC) and Molecular Dynamics (MD). In Figure 1 , the fundamental tool for linking atomistic results to the engineering level is schematically represented: the connection of those drastically disparate scales can be achieved by constructing the water uptake isotherms. In this work, atomistic numerical protocols are used to investigate on the mechanism of both water adsorption and infiltration into zeolites with different hydrophilicity thus enabling to fully construct those isotherms.
In the low-pressure regime (i.e. below the saturation pressure), curves in Figure 1 are typically referred to as adsorption isotherms, and along with the value of the isosteric (adsorption) heat, are sufficient to reconstruct the isosteric field in the Clapeyron diagram. The latter is a convenient tool for the thermodynamic optimization of thermal storage cycles [31] . Carlo -MC methods of properties of nanoporous materials for thermal storage or desalination applications. Starting from the geometrical structure and force field, atomistic simulations are carried out to compute: (i) the isosteric heat q(ω; T ) and adsorption isotherms ω(p; T ), at p < ps (ps being the saturation pressure); (ii) the infiltration isotherms ω(p; T ) and the solvent diffusivity D(ω; T ) for evaluating the membrane permeability, at p > ps. Water uptake isotherms can be regarded as a convenient linking tool for bridging the disparate space and time scales between atomistic simulations and engineering applications. The reported protocol may support computational design of devices based on nanostructured materials, such as modern thermal batteries and desalination membranes.
On the other side, in the high-pressure regime (larger than tens or hundreds of bars), curves in Figure 1 are referred to as infiltration isotherms and those are relevant for water-solute separation processes such as desalination by reverse osmosis. In fact, it is worth noticing that microporous materials can be also used for manufacturing selective membranes.
To this respect, thanks to sub-nanometer pore sizes, excellent rejection rates are expected when using zeolite crystals, or other materials with a narrow pore size distribution. Better selective membranes can indeed help in the near future in lowering the overall energy requirements in water desalination and other separation processes. The permeability of a microporous membrane depends on both the solubility coefficient, definable on the basis of the infiltration isotherms, (the more hydrophilic the more permeable) and the water mobility (diffusion coefficient, D) within the pores [12] (the more hydrophilic the less permeable). Given that it is a priori unclear which property (solubility or diffusivity) dominates the overall transport behavior [32] , the right-hand side of Figure 1 represents an essential piece of information when it is to predict the membrane engineering performances.
In summary, computational materials design is a very promising research area, because it allows a more systematic investigation of novel materials for several applications [33] . This is particularly true for nanostructured materials, where macroscale properties are strongly affected by nanoscale characteristics and experiments are often limited by fabrication and visualization techniques, and thus multiscale modeling is needed [34] . In this article, we focus on numerical protocols in the form of a detailed sequence of atomistic modeling and simulation steps, as briefly sketched in (Figure 1 ), aiming at computing the main material properties needed when evaluating engineering performance of zeolite-based devices.
While different applications involve operating conditions with disparate pressure values, we suggest a comprehensive simulation framework for describing both adsorption and infiltration regimes. It is also recognized that reporting results in the form of adsorption isotherms, the latter represent a formidable tool for coping with the multiscale nature of the addressed problem, thus effectively linking atomistic details to more macroscopic properties and performances of engineering devices. Here, we take advantage of recent development of user-friendly software packages, such as GROMACS and Music. We hope that the reported tool can help the process towards a more rational design of novel nanoporous materials with tailored water uptake properties for both heat storage and water separation applications. This manuscript is organized in sections as follows. In the Section 2, the adopted numerical protocols for modeling both adsorption and infiltration phenomena are described in detail. Examples of atomistic simulations of water adsorption into hydrophilic zeolite crystals and water infiltration into MFI defective zeolite are presented in Section 3. Finally, conclusions are drawn in Section 4.
Methods
Two modeling protocols based on atomistic simulations are here detailed, with the aim to numerically predict adsorption and infiltration phenomena of water intruded in zeolites for thermal storage and water separation applications, respectively.
First, a hybrid MD/MC protocol is designed to investigate both adsorption isotherms and isosteric heat of adsorption of water in a sample of 13X zeolite.
This type of zeolite is typically adopted for thermal storage applications due to its hydrophilic behavior [35] . The geometry and force field of the simulated configuration, as well as a simulation protocol are required to perform atomistic simulations.
13X zeolite has a FAU structure with an Al/Si ratio of 1÷1.25 and a number of Na cations equal to the amount of aluminum atoms and distributed in a few possible sites within the crystal [36] . The adsorption properties of zeolite are strongly influenced by both the amount of cations and their positions within the framework [36, 37] . As a representative example, a 13X zeolite with 76 Na cations per unit cell is here considered (leftmost picture in Figure 2 ) [38, 39] .
Starting from the atomistic coordinates observed by NMR experiments [36] , the initial amount of aluminum atoms in the 13X unit cell is modified to the target value. The substitution of Si atoms by Al ones is operated following the Lowenstein's rule. Cations are then randomly placed within the framework, while considering the possible occupancy sites [40] and avoiding energy peaks within the structure. The obtained unit cell is then replicated along x, y, z axes in order to obtain a cubic simulation domain with 5.02 nm edge (2x2x2 unit cells).
The force field adopted for the MD/MC adsorption simulations takes into account bonded (i.e. covalent bonds) and nonbonded (i.e. van der Waals and Coulomb forces) potentials. The zeolite framework is considered fixed in the Monte Carlo simulations, whereas it is restrained by an harmonic potential in the Molecular Dynamics computations. Such assumption has been made to increase the simulation speed, and it does not significantly alter the adsorption properties of zeolite [41] . Note that no position restraints are applied to the Na cations, which are free to diffuse within the framework. Nonbonded interactions are mimicked by 12-6 Lennard-Jones (LJ) and Coulomb potentials, respectively. LJ parameters and partial charges for 13X zeolite are taken from Reference [38] .
TIP4P is adopted as water model [42] , coherently with similar studies in the literature [38] .
Given geometry and force field for the sorbent-sorbate couple to be tested, the simulation box is first energy minimized with a steepest descent algorithm [43] . Then, adsorption isotherms are obtained by MC simulations, whereas heat of adsorption by MD ones (see Figure 2 ).
Equilibrium quantities are obtained through a series of Gran Canonical
Monte Carlo simulations (GC-MC). MC simulations are carried out with up to 2 millions iterations, periodic boundary conditions along x, y, z axes, temperatures and pressures ranging from 300 to 350 K and from 10 -4 to 3.5 kPa, respectively.
The isosteric heat of adsorption is instead obtained by MD runs. Starting from the equilibrated system, multiple configurations are generated by randomly inserting a controlled amount of water molecules in the zeolite pores, in order to evaluate the effect of pores hydration on heat of adsorption. Here, the considered hydration levels range from 5 to 100% of the water uptake at the saturation pressure (3.5 kPa), as computed by MC simulations. After the water molecule insertion, the velocities in the system are initialized by a Maxwell distribution at 300 K. The system is then relaxed to the target temperature (300 K) with zeolite. From left to right: once the geometry and force field of the zeolite framework are defined, the simulation domain is equilibrated and production run performed. Gran Canonical
Monte Carlo allow to compute the adsorption isotherms of the considered sorbent-sorbate couple, whereas Molecular Dynamics the isosteric heat of adsorption.
a 1 ns MD simulation in NVT ensemble (Berendsen thermostat applied to the whole system [44] ). After the thermalization step, the MD production runs are carried out for up to 2 ns in NVT ensamble (Nosé-Hoover thermostat applied to the zeolite framework [45] ). Heat of adsorption is computed from the average sorbate-sorbent (nonbonded) interaction energies during the simulated trajectory. Note that the simulated MD trajectories would also allow to compute the transport properties of water molecules intruded in the zeolite pores, such as viscosity, Fick's and self-diffusion coefficients.
Second, a MD protocol is developed to compute the infiltration isotherms of water in a sample of MFI zeolite, which is a zeolitic material currently investigated for reverse osmosis membranes with enhanced permeability and near 100% ions rejection [10] .
This MD setup is designed for estimating the equilibrium water filling of a x, y periodic membrane at different solvent pressures, thus allowing to obtain the characteristic water infiltration isotherms of the tested material. The membrane is made out of either pristine (hydrophobic) or defected (hydrophilic) MFI zeolite (2x3x3 crystal cells), and it is restrained in the center of the simulation box.
The membrane is then solvated in a large water box (about 30000 molecules are typically added, see Figure 3a ), whereas the water-zeolite interface normal to z axis is functionalized by silanol terminals.
The force field adopted for the infiltration experiments takes into account both bonded and nonbonded interactions. Bonded interactions in the MFI crystal are modeled by both stretch and angle harmonic potentials. Parameters of the bonded interactions are reported elsewhere [46] . Nonbonded interactions between zeolite and water are crucial for defining the infiltration characteristics of the studied material [47, 48] . Here, van der Waals interactions are modeled by a 12-6 Lennard-Jones potential; partial charge interactions between solid surfaces and water are modeled by a Coulomb potential. Initially, both LJ and partial charges of MFI zeolite are taken from the values reported by Cailliez et al. [47] , where partial charges of silicon, oxygen and hydrogen atoms in the MFI structure are q Si = 1.4 e, q O = −q Si /2 and q H = q Si /4, respectively. The value of q Si is successively tuned in order to better mimic experimental infiltration isotherms. TIP4P water model is adopted for the solvent [49] , because it well reproduces the transport properties of water molecules confined in MFI zeolite [47] . Intramolecular interactions of water molecules are fixed by LINCS algorithm [50] , in order to increase the simulation timestep.
After that geometry is energy minimized, system velocities are initialized by a Maxwell distribution (300 K). System temperature is then equilibrated at 300 
Results

Adsorption experiments
The presented simulation protocols may be adopted to study equilibrium Coherently with similar hydrophilic zeolites analyzed in the literature [38, 54] , the simulation results (symbols in Figure 4a and b) show a typical type-I adsorption behavior, which can be fitted by Toth equation for heterogeneous systems (solid lines):
being A = ω m B and ω m the maximum adsorbed amount, B the Toth adsorption constant, which is related to the Henry law slope, and m the heterogeneity parameter [54] . 
and is best fitted by m 0 = 2.52 × 10 −2 and C = 29.6 K (R 2 = 0.8), namely a slightly decreasing trend of heterogeneity parameter. Therefore, water uptake decreases at high temperature, because of the exothermic nature of water adsorption to 13X zeolite. Results in Figure 4 also show that the most of water uptake, takes place at low pressures (approximately p < 0.1 kPa and it increases with T ), whereas only marginal further uptakes can be noticed in the remaining adsorption range. Hence, the former pressure range should be considered for determining the conditions needed to regenerate thermal batteries based on the simulated 13X zeolite.
MD simulations are then carried out to estimate the isosteric heat of adsorption (q) of the sorbent-sorbate couple considered so far, namely the enthalpy (∆H) released by the sorbate during the adsorption process. The analysis is only performed at 300 K, because q is only slightly temperature dependent. Different techniques allow to calculate q from atomistic simulations [56] . Neglecting the kinetic energy contribution to q (i.e. low T , as in the typical thermal storage applications), it is possible to demonstrate that
where U W Z and U W W are the sorbent-sorbate and sorbate-sorbate interaction energies. Here, U W Z and U W W correspond to the average water-zeolite and water-water nonbonded interaction energies, which can be easily extracted from the MD trajectories. Results in Figure 4c show that q decreases with the nanopores hydration, in good agreement with previous experimental and modeling studies [38] . In fact, the first molecules adsorbed to the nanopore surface can fully lie in the water-zeolite potential well, therefore releasing a larger part of their kinetic energy. Instead, successive adsorbed molecules progressively experience a screen effect from the first ones, therefore causing a smaller enthalpy release and thus lower q.
Adsorption isotherms and isosteric heat of adsorption are the fundamental properties of a sorbent-sorbate couple to be estimated in order to design the working cycle of sorption heat storage devices. An ideal water sorption heat storage system realizes an inverse cycle which can be conveniently illustrated in the Clapeyron diagram, as sketched in Figure 4d . The heat of adsorption can be determined using the Clausius-Clapeyron equation [57] , namely 
Infiltration experiments
Equilibrium and transport infiltration properties of water confined within nanopores are determined by geometric (i.e. pore size and network), physical (i.e. pore filling, temperature, pressure) and chemical (i.e. solid-liquid nonbonded interactions) factors [28] . In particular, the affinity between zeolite matrix and water (i.e. hydrophilicity degree) can be controlled by introducing hydrophilic defects in a pristine hydrophobic framework, thus precisely tuning the properties of the intruded water. For example, while pristine MFI zeolite (also known as silicalite-I) shows hydrophobic behavior, the introduction of aluminum defects fosters the creation of silanols (i.e. SiOH) thus a progressive increase of the hydrophilicity of the nanoporous framework [32] . Here, water infiltration in MFI zeolites with tunable hydrophilicity is studied by MD.
In the MD runs, steady state is considered as achieved when the water uptake ω converges to a constant value ( Figure 5 ). This corresponds to the amount of water molecules in thermodynamic equilibrium with the system's chemical potential (i.e. pressure). First, the infiltration isotherm of water in silicalite-I obtained from MD simulations is compared with the experimental results presented in Reference [9] . Partial charges of the zeolite structure are then tuned for mimicking the experimental infiltration pressure ( ∼ = 100 MPa Note that the maximum framework infiltration capacity (ω M ) of the simulated structure is larger than the experimental evidence reported by Humplik et al., namely 52 N/UC vs. 35 N/UC, respectively [9] . However, similar values have been found in other experimental (i.e. 53 N/UC [58] ) and numerical studies (i.e. 57 N/UC [59] ). Such discrepancy with experiments may be due to the analysis of imperfect zeolite specimens, which may present surface bar- Figure 7 shows that ω M decreases as σ increases. Therefore, the ω M decrease is due to the reduction of water accessible volume in the zeolite's nanopores. However, changes in ω M do not affect the dependence between infiltration pressures (i.e. infiltration type) and structure hydrophilicity [32] , which is the focus of the following analysis. After the preliminary tuning of the zeolite force field on experimental results, hydrophilic defects are introduced in the pristine structure, in order to study the infiltration behavior of water in hydrophilic MFI membranes. Here, defects mimic the substitution of silicon atoms by aluminum ones, which induces the creation of four local silanol nests [47] . A setup with 3.06% Al substitutions respect to the total amount of Si atoms in the structure (%Al/Si) is then simulated.
Results in Figure 8 show that a small increase in the defect concentration (i.e. structure hydrophilicity) induces a dramatic change in the infiltration isotherm shape, coherently with experimental evidences and previous modeling works [32, 47] . MD results are then fitted by Dubinin-Astakhov equation (D-A), which is a model widely adopted for interpreting the dynamics of adsorptioninfiltration processes [60] :
In Equation 6 , p M is the pressure at which ω M is reached; E DA and n DA are D-A parameters related to the water-structure interaction energy and structure geometry, respectively; k B is the Boltzmann constant, N A the Avogadro number and T the system temperature. While ω m , ω M and p M are known quantities, E DA and n DA are fitted to MD results. Here, the zeolite structure is assumed as invariant in the simulated setups thus n DA constant, whereas E DA related to defect densities. By means of optimizations based on genetic algorithm, n DA = 3.14 is found to be the most accurate D-A exponent for the simulated MFI membranes. The optimized E DA values are 2.30 and 3.85 KJ/mol for the pristine and the defected MFI zeolite, respectively. Figure 8 shows that D-A model (Equation 6) accurately fits (R 2 > 0.90) the obtained MD infiltration isotherms. As expected, the energy parameter E DA increases with defect concentration, because the larger amount of hydrophilic spots in the structure implies higher interaction energies between the membrane and the intruded water molecules. Note that ω M is independent from defect concentration, because it is only determined by the solvent accessible volume of the nanoporous structure.
The infiltration isotherm is clearly type-V in silicalite-I (according to IU-PAC classification), which means that the membrane has an overall hydrophobic behavior. In this case, no infiltration occurs at low pressures, because bulk liquid-liquid interactions are stronger than the solid-liquid ones. Therefore, water condensation is dominated by liquid-liquid interactions at the infiltration pressure, meaning that the condensation process starts with the homogeneous nucleation of water molecules and it is then followed by the collapse of the water clusters into the bulk liquid phase at the infiltration pressure [47, 48, 61] .
The defect introduction within the MFI framework transforms the infiltration isotherm from type-V to type-I. In this case, solid-liquid interactions become dominant in the condensation process, thus inducing a heterogeneous nucleation of water molecules in the proximity of the most hydrophilic (i.e. defected) regions of the membrane [47, 58, 62, 63] .
These numerical results demonstrate that small concentration of hydrophilic defects can significantly alter the infiltration characteristics of hydrophobic nanoporous materials, by enhancing their water uptake at infiltration pressures [32, 47] . On the contrary, some recent experimental studies have shown a significant increase in the transport of water in nanometer-sized hydrophobic pores [32] . Hence, since the overall permeability of membranes depends on both equilibrium (i.e. membrane solubility) and transport (i.e. water diffusivity) infiltration quantities, MFI zeolite may represent an ideal platform for a model-driven design of the optimal defect concentration -thus hydrophilicity -of microporous materials for reverse osmosis applications.
Conclusions
In this article, numerical protocols for atomistic modeling of both water adsorption and infiltration into zeolite crystals have been presented. Those example, it is shown that the introduction of hydrophilic defects within an originally hydrophobic nanoporous material is a possible approach for controlling the characteristic infiltration isotherms: starting from a hydrophobic structure (i.e. silicalite-I), the hydrophilicity of the zeolite membrane is then tuned by defect concentration.
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